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Abstract

A probabilistic seismic hazard analysis (PSHA) of Chile is presented, based on a newly assembled homogeneous and
complete catalog of unique and independent (Poissonian) seismic events affecting Chile. All seismogenic zones present in
Chile are included in the model: subduction, shallow, intermediate, deep, and outer-rise seismicity, and the main Quaternary
faults located within the country or in close proximity to its borders (in Argentina, Bolivia, and Peru). The effect of the
Chile triple junction at the Taitao Peninsula is considered, and consequently is reflected in the results obtained. The PSHA
included: (a) Gutenberg-Richter rate of exceedance models developed for all the seismogenic zones considered; (b) the most
up-to-date ground-motion prediction models available for the seismogenic zones considered; and (c) both, a rupture model
and the three-dimensional geometry of the subduction slab. Several features of the model were verified with three recent
events: (1) 2005 Tarapacd, Mw=7.9; (2) 2010 Maule, Mw=8.8; and (3) 2014 Iquique, Mw=8.2. The results show good
agreement with the data observed. Disaggregation of the probabilities of exceedance show that most of the risk is due to
magnitude 7.8 or greater subduction events, located at approximately 40 km from the considered sites. The hazard is finally
expressed in terms of peak ground acceleration and spectral acceleration maps at 10% and 2% probability of exceedance in
50 years for Continental and Insular Chile, suitable for seismic code applications. These maps include Eastern and Salas y
Gomez Islands, Desventuradas Archipelago (San Ambrosio and San Félix Islands), Juan Ferndndez Archipelago, the
southern tip of Peru, southwestern Bolivia, and western Argentina.

Keywords: Probabilistic seismic hazard analysis; subduction hazard; Chile seismic hazard; Chilean seismic code; Western
Argentina seismic hazard.

1. Introduction

Chile is one of the most affected countries by strong destructive subduction earthquakes, usually followed by
equally destructive tsunamis. Chile is also affected by other strong seismic events with different seismogenesis
(shallow, intermediate depth and deep earthquakes, outer-rise, crustal faults, and volcanic-activity-triggered
earthquakes). Chile’s historical and instrumental seismic record recently exhibited an unprecedented period,;
within a short time, three earthquakes of large magnitude occurred: the 2010 Maule (Mw=8.8), 2014 Iquique
(Mw=8.1), and 2015 Illapel (Mw=8.4) events. The closest analogous spike in strong seismic activity, was the
1960 Valdivia earthquake (Mw=9.5) followed by two strong aftershocks the day after (Mw=7.9 and 8.1). This
earthquake activity has generated, within the Chilean engineering community, review of the existing seismic
codes for building structures [1], NCh433, and industrial structures [2]. Another code used in highway projects is
the Chilean Public Works Ministry’s Highway Manual [3]. An emergency addendum to NCh433 was rushed [4],
and then replaced [5] within a year. Currently, an ad-hoc committee is looking at the codes with a longer and
deeper view.

1.1 Background

A brief presentation, of a more detailed probabilistic seismic hazard analysis (PSHA) of Chile [6], is herein
outlined. The seismicity affecting Chile’s national continental and insular territories were studied for all
seismogenic sources. This characterization was based on: (a) the most relevant information found, over a large
quantity of bibliographical material available; (b) process and analysis of the historical and instrumental
seismicity that occurred in Chile and 200 km beyond its borders, assembled in a catalog obtained from the
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University of Chile’s National Seismological Center, augmented with data from the US Geological Survey
(USGS)’s National Earthquake Information Center, the United Kingdom’s based International Seismological
Centre, and the SISRA catalog [7]; (c) theoretical and empirical seismology and engineering related to Chile’s
seismicity; and (d) experience with Chile’s historical and recorded seismicity. The resulting model was used to
carry out a PSHA for the national territory. The results of the PSHA express the seismic demand, in terms of
maximum peak and pseudo-spectral ground accelerations (PGA and pSA, respectively), due to the seismicity
affecting all sites within Chile for a given probability of exceedance. This PSHA includes: (a) regional tectonics,
geology and seismicity; (b) expected maximum magnitudes and corresponding return periods generated by
known sources and faults; (c) attenuation characteristics of the seismic waves from the source to the sites; and
(d) near-source effects. The Chilean codes mentioned do not prescribe the seismic demand in this fashion, as
other codes do it; for example, the International Building Code [8], the American Society of Civil Engineers’
ASCE7 code [9], and others. The PSHA results obtained are presented as an alternative to consider for
prescribing the seismic demand over Chile’s national territory. The PSHA was carried out using accepted state-
of-the-art technologies, first proposed by Cornell [10] and subsequently applied to USA’s national territory by
the USGS [11]. The USGS has been improving, expanding, and updating these procedures every six years (1996,
2002, 2008, and 2014) [12], resulting in time-independent hazard maps implemented into USA seismic codes.

The hazard maps developed provide the latest integrated data for future ground motions, solidly based in
science, with a long history of analysis, revision and discussion in the engineering and scientific communities.

1.2 Previous studies

A preliminary regional seismic hazard model for South America was developed [13], including a smoothed
seismicity component applied across the entire continent that accounts for earthquakes in the magnitude (M)
range 5 to 7, subduction zone sources (M=7.0-9.5), and crustal faults sources (M=7.0-8.0). Other features of the
model include the epistemic consideration of ground motion models. The model, however, lacks sufficient
resolution. Other more detailed seismic hazard analyses over part of Chile, north of the Taitao Peninsula, have
been carried out [14-15]. These analyses are compared to the present study elsewhere [6].

1.3 Methodology validation

The results were verified using PGAs recorded in three recent earthquakes: 2005 Tarapacd (Mw=7.9), 2010
Maule (Mw=8.8), and 2014 Iquique (Mw=8.2) [6]. A good correlation was observed between the results
obtained from the model and the accelerations recorded in the field. The implied slip rate for the model’s mega-
thrust earthquakes was also satisfactorily compared with plate convergence rates measured geodetically.

2. Seismological and Theoretical Background
2.1 Chile seismicity and seismological data

Continental Chile has been, and is, conditioned by a convergent margin of tectonic plates, the most important
being the subduction of the Nazca plate under the South American plate between Arica, from the north, and the
triple junction close to the Taitao Peninsula, to the south. This subduction process has generated, and is capable
of generating, seismic events of great magnitude, which in turn cause tsunamis with great damage potential
along Chile’s coastline. Two recent events stand out: (1) the 1960 Valdivia earthquake, which generated the
most important tsunami on Chile’s coasts during the XX Century, in terms of damage and wave run-ups; and (2)
the 2010 Maule earthquake, which generated one of the most destructive tsunamis that have occurred in Chile.

The catalog assembled was used to characterize the main seismogenic zones affecting Chile. These zones
are defined by the seismic events occurring on the interface of the subduction plate (interplate events), away
from the interface within the plates (intraplate events) at shallow, intermediate and deep depths, in the crust close
to the surface, and on the outer-rise mainly affecting Insular Chile. The data were collected into a single catalog
of close to 12,000 seismic events with homogeneous moment magnitude satisfying completeness, uniqueness,
and independence. The catalog was partitioned into the defined seismogenic zones for which seismic
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productivity rate models were developed up to an expected maximum magnitude. A number of active
Quaternary faults within Chile borders and a few in neighboring countries were also included in the model.

2.2 Probabilistic seismic hazard analysis (PSHA)

2.2.1 Introduction. Following Cornell [10], future earthquakes are characterized by size, frequency, location,
and the ground motion that they are likely to produce. The method assumes that earthquake ruptures occur
independently from one another, allowing the analysis to combine hazard from different sources into a single
hazard curve. Thus, a probability of ground motion exceedance can be associated with each seismic source in the
hazard model. (A series of independent Poisson random variables may be added, and the sum is also a Poisson
random variable with mean equal to the sum of the individual component means, /=>4i.) The ground motion
considered in this work is the PGA or the pSA (SA hereafter). The SA logarithm is assumed normally distributed
for a given magnitude, distance to the source, R, and other controlling source (and site) parameters.

2.2.2 Earthquake probability for the seismic hazard model. The seismic hazard model contains mean
annual earthquake rate information for all the model’s considered sources. Sources are described as finite
ruptures (fault or subduction event) or point sources (background seismicity). Annual rate of occurrence
information is collected at each site, if a given source is within k horizontal or map distance from site S. The
mean annual rate of each source with magnitude M+0.05 and distance less than k from S is added to yield a
scalar value at S. Earthquake probability maps for sources with k<50 km from each site were developed
(sampled at 0.1° in latitude and longitude). All of these conditional earthquakes rates (for a given M and k<50
km from site S) are then added to obtain the mean annual frequency exceeding M. These rates are converted to
probability of exceeding M in the time interval of interest T (years). If 1 is the annual frequency of exceedance,
the conditional probability is

Prim>M,r <R t=T]= 1—e7 T4 (1)

For example, Fig. 1 shows probabilities of exceedance maps using a randomly chosen period of 30-year time
spans. There is no record of large earthquakes (M>8.0) east of Chile’s Central Valley. This is reflected in the
center-right and far-right panels on Fig. 1. This figure includes the latest developments to treat subduction
sources: two logic-tree branches are considered, one where the interface rupture surface stops at the Taitao
Triple Junction (branch weight 0.8), and the other where the interface may continue rupturing as far south as
52.5° S (branch weight 0.2).

2.2.3 Seismic hazard model theoretical background. Let S; be a single hazard source, independent from
any other, with mean annual rate Z;; then, the mean annual rate of exceeding a given SA is

Re (SAIS) = A(S) f;imax Pr[X|M;, 1, site, ... ]dk )

where M;, ri, and site respectively are the magnitude of S;, the distance to the site, the site condition (average
shear wave propagation velocity in the top 30 m of the soil column under the site; type of subsoil: soil, rock,
sedimentary basin depth, etc.), and other physical factors that influence ground motion (such as sense of slip,
depth of source, etc.). The dots, ..., represent other factors, such as source mechanism, source depth, and source
directivity, known to affect the strength of ground motion during an earthquake. The integrated variable, X, is the
SA logarithm, and Pr is X’s probability density function. In empirical studies, Pr is best fit by the normal
probability density function, with mean and standard deviation, o, functions of the aforementioned controlling
factors. The lower limit, X, is defined as the logged SA that produces a given mean rate of exceedance. The
upper limit, X, is defined as the mean +30; that is, the distribution is truncated at three standard deviations
above the logged mean motion [12, 16].

The mean hazard is computed by a weighted sum over the epistemic alternatives. In this work several
ground motion models are considered for each source type. Epistemic uncertainty is also considered on source
features, such as mean annual rate, source mechanism, and so on. The epistemic alternatives should be in some
sense a representation of the diversity of reasonably informed professional opinion about future earthquake and
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ground motion characteristics given the geology and tectonic setting of Chile. The PSHA model accommodates
these assumptions as epistemic alternatives with weights that capture the relative confidence strength. In theory,
epistemic uncertainty decreases over time, as continued investigation and scientific advance reduces the range of
plausible future scenarios.

: —_—
T T T T T T T
000 001 002 003 0.04 0.05 0.10 0.20 0.30 0.40 0.50 060 070 080 090 100

70 65
- —-——
frm \ N | | oy o
-76°-74"-72° 70 -68° 66 Probability -76°-74"-72°-70°-68" ss ! H 1 1
X _— lea
15 b 15
R\ ! I % !
P | | i 1
720" i, o 1 ol . I
I 1 |
“ Arcguss | : | [ —. 1
# 7: 1 gl 1
Copiapd.) Cap ace
g 5 5 E 5~ 1 | |
“ s /88 g3 ! \ -, !
30 LaSerea <
Valparaiso ‘f"‘""' ﬁ L Vaparsiso {70 !
! sAw/A‘oo [ l SANTAGO l
35 Taba 35 Tek:
(i 1 bt !
b |
0 Vlmwa;‘ p l Vao I
Paﬂul«‘onn l Puerto Mot F
1 1
45 Ll a5y A
‘ 3 ' '
| B, 1 '
50" # '\1 ol !
P > a I Punta Ave '
B ooy -
; ' i
ol ol 1
| SN LS I — |
(a) (b)

Figure 2 — (a) Three-dimensional Chile subduction surface.

: . Green contour lines represent depth to interface at 10, 20,
J WO 200 400 d ) 200 400 4 50, 80, 100, 160, 200, 300, 400, 500, and 600 km; 10- and
Figure 1 — Probablllty of moderate to Iarge earthquakes within  50-km contour lines are extended to 52.5° S for this study.
50 km of each location in a random 30-year period. Panels left (b) Active Quaternary faults (traces colored red) in Chile
to right: earthquakes M=6.0, M=7.0, M=8.0, and M=9.0. and neighboring areas of Argentina, Bolivia, and Peru.

The minimum magnitude of interest is taken as 5.0 and the greatest distance as 200 km for crustal sources
and 500 to 1,000 km for subduction earthquakes. Although smaller and more distant sources may sometimes be
felt, they are generally considered to potentially cause damage. Exceptions, such as very shallow sources with
magnitudes less than 5.0, are sometimes found causing damage in the immediate epicenter locality, but these are
generally omitted, with few exceptions, because larger sources generally cover for them.

For the entire ensemble of sources, Si (i=1,2,...,n), the aggregate rate of exceedance is

Rex(SAlsi) = Z? Rex(SAlsi) (3)
The rate of exceedance is a Poisson-distributed random variable; therefore, the probability of exceedance, PE, is
PE(SA) = 1 — e Rex(SA)T 4)

For example, for the seismic demand on infrastructure commonly defined as the Maximum Design Earthquake,
such that it is exceeded 10% of the time by seismic events occurring during a period of 50 years (a 475-year
return-period event), the SA is found from

0.10 = 1 — e Rex(S4)50 (5)

3. Model Characterization

3.1 Geometry of seismogenic zones

Descriptions and characterizations of the seismogenic zones considered and the effects of the associated seismic
events are presented elsewhere [6, 17]. The main and best-studied source occurs due to the subduction of the
Nazca plate below the South American plate. A three-dimensional surface geometry for South America
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subduction zone has been developed [18] by interpolating approximately 600 individual two-dimensional
profiles, along the strike of the subduction zone, obtained from recorded seismic data, and a number of field-
measured active-source seismic profiles (Fig. 2a). In southern Chile, the extent of this geometry is limited, due to
a lack of significant subduction related seismicity. To extend the reach of the hazard model developed for this
project, a 50-km-depth contour line has been defined for the slab surface parallel to the trench. In addition to the
subduction seismogenic zone, the seismic hazard model includes: (a) interplate south of Chile triple junction; (b)
shallow, intermediate, and deep intraplate; (c) outer-rise (west of the Peru-Chile Trench); and (d) crustal.

Most of Chile’s crustal faults deform very slowly; thus, the influence on hazard from these faults is subtle.
One exception is the Magallanes-Fagnano Fault System, with about 6 to 7 mm/yr and less than 1,000 year mean
recurrence time for characteristic events. In general, the crustal faults mean annual rates for characteristic events
are of the order of 10, for mean recurrence intervals of about 10,000 years. Hazard maps corresponding to 500
to 2,500 year return periods would not be much influenced by such faults. Only Quaternary faults with published
characterization parameters are explicitly modeled in this study [19-21]: Atacama (Punta de Lobos, Salar del
Carmen North and South, Sierra de Remiendos), Morro Mejillones, Cerro Gordo, Cerro Moreno, Cerro Fortuna,
San Ramén [22], Liquifie-Ofqui (Reloncavi, Hornopirén, Puyuhuapi, San Rafael), Rio San Juan, Magallanes-
Fagnano (Western and Eastern Sections). The model also includes Quaternary faults from Argentina
(Comechingones EI Molino Branch, El Tigre, Las Chacras, Los Berros, Maradona-Acequidn, San Luis), Bolivia
(Rio Beni, Este de Pefias, Mandeyapecua, Tarija, Tunari), and Peru (Chaspaya, Machado Chico, Quiches,
Cuzco) [20, 23-24]. These faults are close to the boundary with Chile (Fig. 2b). Of these latter faults, only
Argentina’s El Tigre and Las Chacras have a significant slip rate, 3 mm/yr.

3.2 Frequency-magnitude (Gutenberg-Richter) relationships
Seismic productivity rates are characterized by the Gutenberg-Richter (GR) relationship [25],
log(N) = A— bM (6)

where N (or Ngo) is the number of earthquakes with magnitude larger or equal to M, A is the number of seismic
events with magnitude larger than O per units of time and of area, and b is the ratio between the number of low-
over large-magnitude events. Usually, the value of b is around one; systematic deviations from this number are
interpreted as belonging to regions in extreme states of stress or to swarm-like activity.

3.2.1 Historical seismic catalog data to earthquake frequencies. The homogenized moment magnitude
catalog data are run through a Gardner and Knopoff (GK) filter [26] to remove foreshocks and aftershocks. The
GK algorithm’s time-space windows, developed for M<8 earthquakes, were extrapolated using world-wide data
to identify aftershocks from large subduction and deep earthquakes [27]. The time window for M=9.5 was set at
2,400 days (>6 years); the corresponding distance window was defined as the 1960 Valdivia earthquake rupture
length. For the largest sources, the original algorithm circular spatial zones were replaced with elongated or
rectangular zones (Table 1). These windows need to be revised as recent data suggest aftershocks may occur
during longer periods. However, the GK algorithm used filters out most of the aftershocks. One notable
earthquake, labeled an “aftershock™ of the Maule mega-thrust, but correctly identified as a crustal event [28-29]
is the M=7.0 Pichilemu normal-focus event of 11 March 2010, 14:55 UTC. The Maule main shock may have
triggered this crustal event; however, the GK algorithm’s spatial window for the Maule main shock did not
extend into the Pichilemu epicentral region. The magnitude 6.9 Pichilemu event that occurred a few minutes
earlier is discarded by the algorithm as a foreshock of the 14:55 main shock.

Table 1 — Time and distance windows used on Chile seismic catalog to eliminate dependent events.

M 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
t (days) 155 290 510 790 915 960 985 1,200 1,600 2,400
R (km) 40 47 54 61 70 81 94 100 200

The resulting catalog, called cleaned catalog, is processed to determine activity rates and b-values of
nominally independent earthquake sources, using the maximum likelihood method for an assumed GR
magnitude and frequency distribution. The cumulative seismicity rates are determined by counting earthquakes
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in each 0.1° by 0.1° grid cell, accounting for variable catalog completeness using Stepp’s algorithm [30].
Sensitivity to the minimum magnitude used to determine the rates was checked against historical rates, and
revised if needed. Finally, a smoothed catalog is obtained by redistributing the earthquakes from their point-
source locations to two-dimensional symmetric Gaussian distributions with mean value at the event epicenter
(shifted to nearest cell center) and 50 km of standard deviation.

3.2.2 Source-specific Gutenberg-Richter relationships. Upon partition of Chile’s seismicity data, based
on the zones’ seismogenic characteristics and using the cleaned and complete catalog, linear semi-log
regressions were carried out to obtain GR relationships for each seismogenic zone.

The interplate zone records activity on the interface between the Nazca and South America plates. The
great 1960 Valdivia earthquake (My=9.5) is an example of the interplate seismicity that it is included in the
PSHA model. The catalog begins with a M=8.5 event on 11 November 1922, the Vallenar subduction
earthquake, which left over 1,000 people dead, including those killed by the generated tsunami. An earlier event,
the 16 December 1575 Valdivia earthquake (M=9.0-9.5), is also considered among the largest mega-thrust
events. It produced a tsunami wave that ran up the Valdivia River and caused landslides and flooded the town
[31], much like the 1960 Valdivia earthquake. Fig. 3 shows the earthquake expected counts for this model on an
annualized basis. A tapered GR relationship for M>9.5 is used. The taper is included to limit the frequency
computed by extrapolating the GR relationship; thus, reducing the predicted rate of extremely large mega-thrust
events, such that the slip falls within the bounds available from GPS plate convergence rates. The GR curve
developed fits the bulk of the data well. The uncertainty in determining the annual event frequency is expressed
as a factor of 2 around the predicted value (Fig. 3, red vertical bar), limiting the upper bound to a 410-year return
period, or 0.00244 times/year. Fig. 4 shows the probability of one or more events M=5.0-7.8, per 0.1°x0.1° cell
in a random 100-year period, associated with interplate seismicity. This figure shows concentrated hazard in
specific places that have experienced higher rates of such earthquakes in the past. The seismic part of the
deformation is modeled as a mix of reverse slip (75%) and strike slip (25%).

GUTENBERG-RICHTER DISTRIBUTION
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Similar analyses were carried out for the other seismogenic zones considered: (a) shallow intraplate
seismicity; (b) southern Chile; (c) onshore intermediate depth and deep seismicity; (d) offshore (outer-rise)
seismicity (see Fig. 5); and () Easter and Salas y Gémez Islands (Fig. 6), and Juan Fernandez Archipelago.
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3.3 Maximum magnitudes

The seismogenic zones include an estimation of the maximum magnitude that earthquakes can reach within its
limits. This is the Maximum Credible Earthquake (MCE), the largest earthquake that appears to be possible in a
given tectonic environment (interplate, intraplate, crustal). The largest ever instrumentally-recorded earthquake
in the world took place in Chile: the M=9.5, 1960 Valdivia earthquake. The rupture started at the hypocenter, at
30 to 40 km-depth beneath the Arauco Peninsula, and extended for nearly 1,000 km southward to the Taitao
Peninsula. The maximum displacement along the fault reached 40 m [32], generating a sea-floor elevation
change significant enough to produce a 15 m tsunami at Mocha Island. Other large earthquakes, according to the
extent and description of damage, tsunami characteristics, main-shock duration in minutes, time extent of
aftershocks in months/years, etc., have allowed investigators to identify the largest events in past centuries.
Earthquakes taking place in 1575, 1730, 1868, 1877, 1922, and 2010 are probably the largest ones in recent
history, apart from the 1960 event. The 1575 and 1730 are probably magnitude 9+ events, while 1868, 1877, and
2010 are close to magnitude 9.

In summary, the maximum magnitude to consider in the coupling region is 9.5 to 9.8 between the Arauco
and Taitao Peninsulas, and 9.0 to 9.2 from the Arauco Peninsula to the north. MCEs in the intraplate
seismogenic zone at intermediate depth should be 7.8 to 8.0 from 33° S to the south and north of 26° S. Between
26° and 33° S the MCE for the intermediate depth events should be around 7.5.

3.4 Interplate rupture modeling

Large interplate earthquakes occurring in Chile are modeled as scenario events that step along the interface at 6-
km increments from the northernmost to the southernmost edge of the subducting zone considered (15.5° to 45°
S). Two subduction zones are considered, as described above. The ridge between the Nazca and Antarctic plates
is considered a barrier to through going rupture in the main subduction model, with weight 0.8. However, the
model admits that subduction sources may rupture past the triple junction to 52.5° S, using the alternate
subduction model with weight 0.2, because the Chile ridge has subducted [33]. The size of these interplate
subduction events ranges in magnitude from 7.8 to 9.8. Earthquakes with magnitude less than 7.8 are abundant
in this zone, but are not constrained to lie on the interface in the PSHA model. Fig. 7 shows three of the
relationships considered to model rupture length [34-36].

INTER PLATE SUBDUCTION EVENTS The May 1960 Great Chilean Earthquake had a rupture
OBSERVED AND PREDICTED RUPTURE LENGTHS . .
length of approximately 900 to 1,000 km [32, 37], in better
agreement with Papazachos relationship [36]. The 1964 Great
Alaska Earthquake, M=9.2, had an approximate rupture length of
800 km [38], again in better agreement with said relationship. The
M=8.1 Antofagasta earthquake of 1995 had a rupture length of
about 180 km [39], in agreement with all the relationships. The
M=8.8 Maule earthquake of 2010 had a rupture length of 450 km
[40], in good agreement with Papazachos’. This relationship [36]

RUPTURE LENGTH, L, (km)

80 85 9.0
MAGNITUDE, M,,

Figure 7 — Expected and observed interplate ~ Was the one most supported by actual Chilean data; thus, this
rupture lengths for subduction events. model was used with full weight (1.0).

The largest modeled event is only expected to rupture a fraction of the Nazca plate total subduction length,
3,503 km (4,375 km when including Antarctic plate subduction). For example, for the May 1960 Valdivia
earthquake, the Papazachos relationship yields a 1,084 km mean rupture length, or 31% of the total available on
the Nazca plate. Details on Chile’s interplate scenarios when using this relationship are shown in Table 2.

3.5 Rupture slip and convergence rates

The Nazca plate is converging with the South American plate in a slightly north of east direction, with a mean
relative rate of about 70 mm/year in the north and about 65 mm/year in the south [40]. The convergence rate is
constrained by the total seismic moment rate budget,
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Mo = pArs;  A,(M) = L, (M)W (7)
where u is the subduction slab rigidity, Ar and L., respectively are the area and length of the rupture zone,
functions of magnitude, and W is the rupture width whose horizontal component, Wy, is given an average value
of 150 km, assuming a rupture width of 1.55° longitude interval at 30° S. Then, the average horizontal slip rate
per scenario is

. M

S =" ut,wy) ®

To convert earthquake rates, the primary input to the seismic-hazard model (Table 2), to slip rates, an

average value of the slab rigidity (=500 kilobars) is assumed over the down-dip rupture. The depth range for
these earthquakes is 10 to 50 km. This average value for circum-Pacific subduction zones (including Chile) is
consistent with the PREM model [41].

Table 3 — Expected interplate rupture slip rates for subduction events in three
locations in Chile, based on Papazachos relationship [36].

Table 2 - Expected _|nterplate rupture ey 1QUIQUE VALPARAISO VALDIVIA
scenarios for subduction events, based
. . o s 3 5 < s
on Papazachos relallonshlp [36]. 5 29 ; wsl 2 ; ws| ] § ws|
8 RUPTURE 1 9 SCENARIOS 8168 c3 §§§ELLOLB o é%.‘f'uj_%"g’ g5 ng—‘EL
2 |PERSCENARIO| & ElEzizhe|eE |8 S[ET|zL2|25 |0 F|EE|2 8|2 |85¢
z ox %105 Z lonZ|(Soulz2y 5N aZ|Soulz2¥ 5N nZ|Sou|Z2¥ 5N
Q. LENGTH I < |TOTAL| RATIO"O0 Q ELIJZLUI—Q%TIE%EMZM}—Q%Y‘KE%EMZMI—Q%T&&E
SSlLkm] % | EZ | N (NeoNoyr| S |28 22|88 5234|23]2838|88 512342328388 5234
7.85| 134 | 3.80%|0.018310| 562 3.2581 | |7.85] 23 [0.000749] 0550 [ o051 | 23 [0.000749] 0.50 | o051 | 23 |o.000749] 050 | 051
7.95| 152 | 4.30%|0.015392| 559 27535 | [7.95] 26 |o.000716] 0.68 | 061 | 26 [0.000716] 0.68 [ 0.61 | 26 [0.000716] 0.68 | 0.61
8.05 173 | 4.90%)0.012939| 556 2.3272 8.05] 29 |0.000675 0.90 0.71 30 [0.000698 0.93 0.74 29 |0.000675 0.90 0.71
8.15| 196 | 5.60%|0.010877| 552 1.9704 |[8.15] 33 |0.000650] 1.22 | 085 | 34 [0.000670] 1.26 [ 0.88 | 33 [0.000650] 1.22 | 0.85
8.25| 223 | 6.40%|0.009143| 548 1.6685 | [8.25] 37 |o.000617| 1.64 | 101 | 38 [0.000634| 1.69 [ 1.04 | 37 [0.000617| 1.64 | 1.01
8.35| 253 | 7.20%|0.007686] 543 14155 |[8.35] 42 |o.000594| 223 | 121 | 43 [0.000609] 229 | 1.24 | 43 [0.000609] 2.29 | 1.24
8.45| 287 | 8.20%|0.006461| 537 1.2032 | [8.45| 48 |0.000578| 3.07 | 1.46 | 49 [0.000590| 3.13 [ 149 | 48 [0.000578] 3.07 | 1.46
8.55 325 | 9.30%]0.005431| 531 1.0228 8.55|] 55 |0.000563 4.22 1.77 55 [0.000563 4.22 1.77 55 |0.000563 4.22 1.77
8.65| 369 |10.50%|0.004566] 523 0.8730 ||8.65| 62 [0.000541] 573 [ 212 | 62 [0.000541] 573 | 212 | 62 |o.000541] 573 | 212
8.75| 419 |12.00%|0.003838| 515 0.7452 | |8.75] 70 [0.000522| 7.81 [ 255 | 71 [0.000529| 7.92 | 2558 | 70 |0.000522| 7.81 | 255
8.85| 476 [13.60%[0.003226] 506 0.6376 | |8.85| 80 [0.000510| 10.78 | 3.10 | 80 [0.000510] 10.78 | 3.10 | 80 [0.000510] 10.78 | 3.10
8.95| 540 |15.40%|0.002712| 495 05479 ||8.95| 90 [0.000493| 14.72 | 373 | 91 [0.000499| 14.88 | 3.77 | 90 |0.000493| 14.72 | 3.73
9.05 613 [17.50%]0.002280| 483 0.4720 9.05| 102 |0.000481| 20.30 4.53 103 0.000486( 20.50 4.57 92 |0.000434| 18.31 4.09
9.15 696 |19.90%|0.001916] 469 0.4086 | |9.15| 116 |0.000474| 28.23 | 555 | 117 [0.000478| 28.48 | 5.60 | 92 |0.000376| 22.39 | 4.40
9.25| 790 [22.50%|0.001611| 453 0.3556 | |9.25] 132 [0.000469| 39.50 [ 6.84 | 132 [0.000469| 39.50 | 6.84 | 92 |0.000327| 27.53 | 4.77
9.35| 896 [25.60%[0.001354] 435 0.3113 | |9.35| 137 |0.000427| 50.69 | 7.74 | 150 [0.000467| 55.50 | 8.47 | 92 |0.000286] 34.04 | 5.19
9.45( 1,017 [29.00%[0.001138| 415 0.2743 | |9.45| 137 |0.000376| 63.09 | 8.48 | 170 [0.000466| 78.29 | 10.53 | 92 |0.000252| 42.37 | 5.70
9.55| 1,155 [33.00%]0.000580| 392 0.1481 9.55| 137 |0.000203| 48.10 5.70 193 |0.000286| 67.77 8.03 92 |0.000136| 32.30 3.83
9.65| 1,311 |37.40%|0.000296] 366 0.0809 ||9.65| 137 |0.000111| 37.11 | 3.87 | 219 [0.000177| 59.32 | 6.19 | 92 |0.000074| 24.92 | 2.60
9.75] 1,488 |42.50%]0.000151| 337 0.0448 | |9.75] 137 [0.000061] 29.02 [ 2.67 | 220 [0.000009] 46.61 | 4.29 | 92 |o.000041] 19.49 | 1.79
AGGREGATE SLIP RATE 65.01 74.36 52.03

The convergence rate is compared with an estimate of mean horizontal slip rate from large to great
subduction earthquakes predicted by the seismic-hazard model in Table 3. This table shows the slip rates and
number of scenarios, Neg, associated with magnitude 7.85 to 9.75 events that rupture directly under three cities
in Chile: Iquique, Valparaiso, and Valdivia. It can be seen that in Iquique about 65 mm/yr of horizontal slip is
accounted for by these large subduction earthquakes, while in Valparaiso and Valdivia about 74 and 52 mm/yr
are respectively accounted for. In Valparaiso, about 25% of the calculated slip rate comes from magnitude 9.55
to 9.75 earthquakes that rupture under the city. Even though these are exceedingly rare events, their large seismic
moments and the relatively large number of scenarios that rupture under the city make these mega-thrust sources
very important components of the hazard model. In both, northern and southern Chile, about 70 to 80% of the
convergence rate is accounted for by seismic slip on large to great subduction earthquakes in the model, given
the assumptions discussed above (Table 4, final row). The remaining 30 to 20% is partly accounted for from
smaller earthquakes whose contributions have not been tabulated, but is mostly unaccounted for (aseismic slip,
after-slip, aftershocks). The PSHA concerns itself with independent events, and specifically omits foreshocks
and aftershocks, which may in some instances contribute significantly to the total seismic-moment budget.
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4. Acceleration Attenuation Relationships

Several hundred models have been developed to predict strong-motion PGA, based on empirical data from
acceleration records processed statistically [42]. These models are generically called ground motion prediction
equations or ground motion models (GMMSs). However, there have not been developed, well validated models
from Chilean data satisfying four essential conditions: (1) well characterized seismogenic sources; (2) well
distributed strong-motion instrument-recording network able to capture occurring strong motions with fidelity;
(3) known geotechnical/geological condition on the installed instrument sites; and (4) a database of actual
recorded events acquired over time. The quality of these relationships are fundamental in obtaining hazard maps
that reflect the seismic activity level and resulting hazard of the actual seismogenic zones modeled. In particular,
if these relationships are biased towards a magnitude range or a distance-to-hypocenter range, outside of those
ranges the predicted accelerations can be very inaccurate. A detailed discussion is presented elsewhere [6].

Large interplate earthquakes are the most important contributors to seismic hazard almost everywhere in
Chile. Predicted spectral acceleration from these earthquakes is based on empirical published GMMs. Three
GMMs with large (M>7.8) subduction sources [43-45] are epistemically used in this project with different
weights. The most recent of these models [45], uses data from the M=8.8 Maule source of 27 February 2010, and
the M=9.0 Tohoku-Oki source of 11 March 2011, among many others. Some of the world’s largest historical
earthquakes, the M=9.5 Valdivia earthquake of 22 May 1960, the M=9.2 Alaska earthquake of 27 March 1964,
and the M=9.2 Sumatra-Andaman Island earthquake of 26 December 2004 have few or no near-source strong-
motion records. Thus, none of the GMMs are constrained by data associated with M>9.0 earthquakes. Fig. 8a-c
shows source spectra for the three GMMs used in this project for rock site conditions, as defined by NCh433
(VS30=900 m/s). The top two red dashed curves correspond to magnitude 9.3 and 9.8, the latter being the
maximum magnitude considered in this project. These curves represent extrapolations of empirical models
where data are simply not available to constrain the model behavior (the dashed red lines emphasize this fact).

Three GMMs for intermediate-depth intraplate sources [43, 45-46] are epistemically used in this project
with different weights. The earliest of these GMMs [46] has been corrected [47-48] and extrapolated from the
published 3 s spectral period to 5 s (Fig. 8d-f).

Five GMMs for shallow crustal sources, including smaller (M<7.8) interface-zone earthquakes [49-53] are
epistemically used in this project with equal weights. These models are the 2013 update of the Next Generation
of Attenuation Models, a multi-year, five-team, multi-institution project led by the University of California’s
Pacific Earthquake Engineering Research Center in partnership with the USGS [54].

5. Results
5.1 Hazard from seismogenic zones

There are two interplate zones in the model, representing uncertainty in the location of the southern edge. There
is no partition within these large zones. In each of these zones, the probabilistic ground motion tends to increase
towards the center because the source scenarios exhibit more overlap towards the center. The modeled sources
do not continue northwest of the northern edge, nor do they continue south of the southern edge. Fig. 9a shows
the probabilistic PGA due to large interplate sources for events at 2% PE in 50 years (2%/50-yr). This figure
shows the two models considered: one where the southeastern edge of the Nazca plate is the southern limit of
rupture scenarios, and one where ruptures can occur beyond 45° S down to 52.5° S, where the southern edge of
rupture scenarios continue well into the Antarctic plate. South-east of the southern end, most of the plate motion
is taken up on the Magallanes-Lago Fagnano fault [19], not exhibited by these maps.

Fig. 9b shows the probabilistic PGA from South-zone sources at 2%/50-yr. This figure also shows the
probabilistic PGA associated with Quaternary faults in Chile and neighboring areas in Argentina, Bolivia, and
Peru. Some Quaternary faults that are in the model do not exhibit visible hazard at the 2,475-year return time
used to obtain the map shown. Some examples of invisible sources are the San Ramon fault in central Chile and
the Liquifie-Ofqui fault system in the south part of Chile. A prominent visible fault system is the Lago Fagnano
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transform fault south of Punta Arenas. Low average slip rates on some of these faults result in mean recurrence
intervals of major shocks much greater than the 2,475-year return time considered in the figure.
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Similarly, hazard maps for PGA and pSA, at different spectral periods, are obtained for the other
considered seismogenic sources [6]: (a) shallow interplate, magnitudes 5.0 to 7.8; (b) shallow intraplate; (c)
intermediate-depth and deep intraplate; and (d) outer-rise, affecting Insular Chile.

5.2 Total hazard in Continental Chile

Contributions from the various zones described above are combined by appropriately adding epistemic weighted
hazard maps for different approximations which span the uncertainty in different features of the model [6].

Fig. 10 shows the onshore probabilistic motion associated with PGA and a number of pSA, for two levels
of exceedance, 10% and 2% in 50-yr. Although not shown on the figures, hazard maps were also prepared for
sites in Continental and Insular Chile, for the following spectral periods: 0.10 s (10 Hz), 0.15 s (6.66 Hz), 0.30 s
(3.33 Hz), 0.40 s (2.5 Hz), 0.50 s (2 Hz), 0.75 s, 1.50 s, 2.00 s, 4.00 s, and 5.00 s. In total, thirteen hazard maps
are available. Fig. 10 gives a sense of how the probabilistic motion varies with spectral period. The maps shown
are for Chile and parts of neighboring countries. In particular, east of Copiap6 from the north to Santiago on the
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south, the provinces of Mendoza and San Juan, located in Argentina, are the areas exhibiting Argentina’s highest
seismicity rates [55], where the slab does not subduct as steeply as in other areas (Fig. 2a), and where the
probabilities of intermediate-depth seismic event occurrence are higher (Fig. 1).
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Figure 10 — Probabilistic ground motion maps for Continental Chile from all sources at 10% (left panels) and 2% (right
panels) PE in 50 years on rock. (a) PGA. (b-d) pSA (5% critical damping) at 0.2, 1.0, and 3.0 s.

5.3 Total hazard in Insular Chile

Fig. 11a shows the probabilistic PGA in the vicinity of Easter and Salas y Gomez Islands, representing the total
hazard from local sources. Other known sources are too distant to affect ground motion significantly on the
islands. Fig. 11b shows the probabilistic PGA in the vicinity of the Juan Fernandez Archipelago. Short-period
hazard, such as PGA, is controlled by local seismicity south of these islands. For long-period hazard, large
subduction events on the interface between the Nazca and South American plates, east of the archipelago,
contribute significantly to seismic hazard. There is no cataloged seismicity for San Félix and San Ambrosio
Islands (Desventuradas Archipelago). Hazard results from distant interface earthquakes with magnitudes greater

than 7.8. PGA at 2%/50-yr on rock are 0.033g and 0.036g, respectively.
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Figure 11 — Probabilistic PGA map from all sources with M=4 at 2%/50-yr on rock. (a) Easter and Salas y Gémez Islands,
and vicinity. (b) Juan Fernandez Archipelago and vicinity.

5.4 Applications

The hazard maps developed can be applied to: build a country seismic zonation to develop seismic design code
criteria, improve seismic risk mitigation efforts, evaluate the risk of insured portfolios distributed over the
national territory, and help authorities make public policy decisions, among other uses.

i i i I PSH DISAGGREGATION ON ROCK (VS30=900m/s)
5.4.1 Hazard (_jlsaggregatlon in IqUque . ks ool (70,120, 30,57 456)
for the 01 April 2014 earthquake. Details = Maximum Horizontal PGA>=0.3539
on the seismic hazard at a site can be obtained Mean Return Period 100 years

&g

Mean (R,M,g;) 56.2 km, 7.67,0.73

using source disaggregations, displaying the
relative contributions of various hazardous
sources [56]. A common way is to show relative
contributions (to ground motion exceedances) as
a function of magnitude, distance, and ground-
motion uncertainty, & [57-58]. Fig. 12 shows the
PGA disaggregation of the 100-year return
period at Iquique Regional Hospital. An =
earthquake M=8.2 struck on 01 April 2014. The
maximum PGA recorded by an accelerometer
installed at the site (IQUI) was 0.32g [59]. The P F
100-year PGA is 0.353 according to the PSHA N 0<ey<l0
model, or 10.3% greater than the recorded PGA. S g < e
Nazca plate subduction sources with a range of e sl e =
magnitudes correspond to the most likely Figure 12 — Disaggregation of a 100-year PGA at Iquique Regional
sources to produce exceedances of this ground Hospital.

acceleration (the tallest columns on Fig. 12).
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5.4.2 Probabilistic spectra for Arica, Santiago, Concepcion, and Valdivia. Fig. 13a shows the
probabilistic spectra at rock sites in Arica, Santiago, Concepcion, and Valdivia, all associated with the 10%/50-
yr, or 475-year mean return period. The figure also shows the corresponding Chilean seismic code design spectra
on rock in zone 3 for buildings [1, 5], industrial installations [2], and transportation infrastructure [3]. It may be
observed that the 10%/50-yr spectra match well the building code spectra shape, but at higher values, and the
maxima occur at a shorter period, but close. This is expected. In effect, the spectra calculated by the methods
presented on this report are derived from the geometric average of the two horizontal peak ground spectral
accelerations which is higher than the maximum effective ground acceleration coefficient, Ao, given by the code.
Effective maximum acceleration can be as much as V2 times higher than the maximum amplitude of a seismic
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wave. Once this factor is accounted for (Fig. 13b), with the exception of Concepcion, the other cities’ spectra
values are lower than the building code spectrum for short periods (T<0.5 s), and higher for longer periods. The
Concepcion spectrum is higher than the building code spectrum throughout the period range sampled. It must be
noted that for longer periods the spectral values are larger, much markedly for Concepcién, showing the
contributions to higher spectral periods of the long duration earthquakes occurring in Chile. The “real” spectrum
lays between the spectra shown on Fig. 14a and 14b, closer to the latter.

PSEUDO-ACCELERATION HORIZONTAL SPECTRA PSEUDO-ACCELERATION HORIZONTAL SPECTRA
FOR A SITE ON ROCK (VS30 =900 m/s) FOR A SITE ON ROCK (VS30 =900 m/s)

2. R
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Figure 14 — Probabilistic site spectra for 5% damped spectral response acceleration with 10%/50-yr on rock, using the
Mmax=9.8 model, in Arica [18.50° S, 70.30° W], Santiago [33.40° S, 70.60° W], Concepcion [36.80° S, 73.00° W], and Valdivia
[39.80° S, 73.20° W]. (a) Spectra from hazard model calculations. (b) Spectra corrected by a V2 factor.

6. Conclusions

Seismic hazard maps were obtained for Continental and Insular Chile using the latest scientific and seismology
knowledge and state-of-the-art methodologies, widely accepted by both seismologists and engineers. These
procedures have closely followed the methodology used by the USGS to develop and update USA’s National
Seismic Hazard Mapping Project. These maps can provide the basis for many public and private policies
regarding earthquakes, including seismic-design regulations for buildings, bridges, highways, railroads, and
other public and private infrastructure. These maps could be incorporated into building codes to allow for proper
design of new infrastructure, and adequate seismic rehabilitation of old infrastructure designed with outdated
codes; hence, allowing for prudent allocation of resources by reducing conservative designs in areas deemed of
unrealistic high seismic demand by old codes.

These hazard maps are the first complete set of such maps developed for Chile using modern seismology-
based hazard analysis and methods. The current hazard maps, shown in the seismic codes, do not provide a good
basis for comparison. However, the seismic acceleration design spectra defined by these codes can be compared
with the maps developed for a 10%/50-yr. The comparison made for a few sites show different seismic demand
for each site, and slightly above the acceleration design spectra prescribed by the codes, particularly at longer
periods, accounting for the long duration of mega-thrust events affecting Chile. On the other hand, observations
of actual data provided after the 2005 Tarapacd, 2010 Maule, and 2014 Iquique earthquakes show good
correlation with the results obtained using the model for similar earthquake scenarios.
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